Abstract-Aeration rates and tank geometry result in different larvae survival rates [1]-[6]. This study reports new results about the flow field in a rearing tank. Specifically, the effects of the aspect ratio AR (the ratio of water depth to tank radius) on overall flow fields were clarified from flow visualization and PIV (Particle Image Velocimetry) experiments. Two different types of flow patterns, a single-pair vortex system and twopair vortex system, were confirmed as the value of tank aspect ratio changed from 1.0 to 2.0.
INTRODUCTION
During the life cycle of most fish species, mortality rates generally peak during the early stage when larvae hatch from eggs and develop into juveniles. This loss period, referred to as early mortality, is due to several factors. Among these, the flow caused by aeration in the fish rearing tanks has a significant impact on the survival rate of larvae. To date, there has been no clarification of the flow field states in a typical rearing tank. On the other hand, an optimum aeration rate has been proposed to be suitable for rearing fish larvae [2] - [3] . Aeration may reduce early mortality if controlled such that a suitable flow field environment can be maintained in fish rearing tanks. In particular, the flow fields caused by aeration in seeding production tanks of marine fish can be reasonably controlled if sufficient agreement can be achieved between three key measurement tools: the results obtained from preparing flow patterns in the tanks, velocity distributions based on actual measurements, and numerical analysis simulations.
Ruttanapornvareesakul et al. performed rearing experiments on the larvae of seven-band grouper Epinephelus septemfasciatus (Thunberg) and devil stinger Inimicus japonicas (Cuvier) [4] . Three types of cylindrical tanks were investigated using a constant amount of water with variations in tanks diameter 2ri and water depth H, resulting in three values of aspect ratio (AR) (AR =H / ri = 0.74, 1.36, and 3.29). For both fish species, the survival rate of fish larvae in the tank with AR = 3.29 was about 4.5 times higher than when the AR was 1.36. Assuming that the principal factor contributing to this result was the fact that the flow pattern in the cylindrical tanks changed drastically when the value AR changed from 1.36 to 3.29. Previously, we performed flo w visualization experiments and numerical calculations [7] - [8] . The results showed that the flow patterns in a vertical crosssection in a circular tank changed from a single-pair vortex system to two-pair vortex system as the value of AR changed from 1.0 to 2.0. However, velocity measurement of the flow field was not performed previously. Therefore, we measured the velocity in a circular tank using PIV systems, and the results were c o m p a r e d w i t h f l o w v i s u a l i z a t i o n r e s u l t s .
II. EXPERIMENTAL APPARATUS AND METHODS

A. Experimental Apparatus
A circular tank used for the experiments was made from transparent acrylic resin and had the following dimensions: internal diameter (=2ri) of 390 mm, external diameter of 400 mm, and height of 590 mm. A square tank with 500 mm sides was installed outside the circular tank, and the gap between the tanks was filled with water to prevent distortion caused by refraction of the light sheet in the experiments. The experimental apparatus and the coordinate system are shown in Fig.  1 
B. Visualization Method
To visualize flow field in the tank, the suspension method and the dye streakline method were used. The dye streakline method uses a dye solution injected into the flow as a flow tracer. The suspension method uses aluminum powder with a specific weight of 2.7 and an average particle diameter of 40 um as the tracer. The sedimentation velocity Ug of the aluminum powder was evaluated using Stokes' Resistance Law to be 1.64 mm/s, indicating that the sedimentation velocity was sufficiently small that it could be ignored.
The visualization light source was a slide projector (a custom-made HILUX-HR) with a slit aperture which yielded a narrow light sheet 20 mm wide. To further reduce the incident light in the tank, light was passed through a 10 mm slit placed on the tank wall. Visualization photographs were recorded at a position perpendicular to the light path using a digital camera (Canon model D70).
C. Velocity Measurement Method using PIV
Velocity measurement in a rearing tank has been performed by Shitotani et al. using an ultrasonic velocity meter [2] - [3] . However, since the sensor was inserted in the tank, the flow field in the tank may be disordered due to sensor itself.
Hence, velocity measurement using PIV (Particle Image Velocimetry), in which a sensor is not inserted to flow field, was performed. PIV systems consist of a laser light source, camera, analysis software, and a host computer.
A tracer with specific gravity close to the fluid and with small average diameter was mixed with flow field, and movie images were recorded. The specific gravity and mean diameter of the tracer (Glass Hollow Spheres 110P8) for PIV are 1.01 and 10 um, respectively. The velocity and velocity vector of the tracer cluster between two frames were calculated. In this study, the PIV measurements were conducted using a two-dimensional PIV system with a laser (wavelength 532 nm). The output power of the laser light source is 700 mW at max (Japan Laser Corporation DPGL-400 mW). The laser was mounted on a translation stage and was positioned outside the circular test section to create a laser sheet in the vertical center plane of the circular tank. A high speed video camera was positioned perpendicular to the laser sheet plane (Fig. 1 ). Analysis software (Flownizer 2D) is from Ditect Corporation, and the frame rate of the high speed video camera is 100 frames/sec.
III. RESULTS AND DISCUSSION
A. Effect of Aspect Ratio on Flow Pattern
In preliminary experiments, flow patterns in a tank were visualized over the whole region of the vertical cross-section (the r-z plane) for θ=0° (the plane perpendicular to the observation direction within the illuminated area), θ = 45°, and θ = 90°. Roughly equivalent results were obtained regardless of the value of θ. Also, the flow patterns did not change over the rate of aeration rates Q (10-50mL/min). Consequently, only the results obtained at θ = 0° and Q = 50 mL/min are given, in this study. Figures 2 and 3 show photographs of the flow patterns over the whole area in the tank for AR=1.0 and 2.0, respectively. In Fig. 2 , large vortex structures exist in the tank with a singlepair vortex arranged symmetrically left and right of the center. Even with an aspect ratio of 0.5, the flow pattern was similar with the case of AR=1.0.
Two vortex pairs are seen in Fig. 3 (AR=2.0) with one pair in the upper region and another in the lower region. These results show that the flow pattern in a circular tank is strongly affected by the value of aspect ratio. The above mentioned result has not been reported previously.
Next, we consider small scale vortex in the corner regions. Figure 4 shows a vortex near the free surface in the left corner section of the tank (called a water surface corner vortex). The locus of the aluminum powder near the free surface shows that it is carried from the central part of the tank towards the tank sidewall, then changes direction and moves downwards. In so doing, it forms a triangle-shaped section enclosed by the corner section near the free surface that exhibits a vortex structure (the clockwise vortex Nt in the photograph). It can be assumed that this vortex structure is the visualization of the cross-section of a ring-shaped vortex that has formed around the edge of the circular tank. Within this study when changing AR and Q, this water surface corner vortex was always observed and the sense of the vortex rotation was the same. Also, video observations show that the rotation velocity of the corner vortex is notably high, and its vortex ring axis occasionally transforms from circular to petalshaped. Also note the large vortex structure N1 seen in the lower-right part of the photograph. Figure 5 shows the vortex structure Nb near the bottom wall surface of the left corner section of the tank (called a bottom surface corner vortex), which was visualized using the dye streakline method. Water moving from the center region of the tank towards the circular sidewall along the bottom surface constitutes the large vortex structure N1' (clockwise rotation) produced in the lower region (Fig. 7) . On the other side toward the tank corner section, a reverse pressure gradient is set up in the flow along the bottom surface; the flow then breaks away at that point (the separation point S ') and starts rising. The upward flow that breaks away then attaches again onto the circular sidewall surface (point S ') (determined from video observation due to the difficulty of identifying it on the photograph), and a vortex (Nb) is formed in this corner section rotating in a counterclockwise direction. This vortex structure remains almost stationary and stable, and its circulation velocity is extremely low. This means that clear visualization using the suspended aluminum powder was not possible due to exposure time constraints, so observations were made using the dye streakline method. The above mentioned flow patterns are shown in schematic diagrams in Figures 6 and 7 .
In order to verify flow pattern visualizations and depict them schematically in a diagram, we applied the topological considerations of Hunt et al. (1978) . Hunt et al. (1978) also introduced the concept of viewing equilibrium positions on surfaces as points on an inplane flow basis (half saddle points and half nodal points) and applied topological rules (relational expressions for the type and number of equilibrium positions) to the flow field [9] . Equation (1) pertains to the in-plane streamlines on a plane intersecting an object. If Eq. (1) is established for the streamlines of interest, this would show the existence of an inferred flow pattern. With this, inferred vortex structures can be interpreted as being equal to those observed using the visualization of actual flows. points, saddle points, half saddle points, and the connectivity number for the flow field, which are all terms used in dynamical systems. In addition, the connectivity number is a term used in the theory of complex functions (if for any simple closed curve C drawn in an arbitrary region D, the interior of C consists entirely of points in D, then D is referred to as a simplyconnected region). Incidentally, because the flow field in this study deals with a simply connected region, n = 1. Accordingly, Eq. (1) of Hunt et al. (1978) can be applied just considering a half section of the flow field. In Fig. 6 and Fig. 7 , S', Nt and Nb are half saddle points, corner vortices in the corner regions at both the free surface and bottom, respectively. Their existence was confirmed with direct observation and numerical calculation [7] - [8] . Figure 8 shows the domains of AR where each vortex pair system was generated as Q was varied. The two solid lines in the figure are least squares fits to the experimental data. Outside the two solid lines, a singlepair vortex system or two-pair vortex system was formed. Inside two solid lines (unclear region) in Fig. 8 , a stable flow pattern (either single-pair or two-pair vortex system) cannot be decided. The results show that for the range Q=10-100mL/min, the value of AR representing either a single-pair or two-pair vortex system did not change and was roughly constant. Note that the curve for the range Q=0-10 mL/min is an extrapolation of the data collected at 10-100 mL/min and does not reflect a measured flow. The above flow patterns tended to be independent of Q within the range Q=10-50 mL/min. Note that in this series of experiments, the range of Q was extended to 100 mL/min. Figures 9 and 10 show the velocity vector diagrams for aspect ratio AR =1.0 and 2.0, respectively at the half plane. The white half circle in the figures show the airstone. The magnitude of velocity increases from blue to red. A similar large vortex structure was observed in the flow visualization experiment results ( Fig. 2 and 3) .
B. Effect of Aeration Rate on Flow Pattern
C. Velocity Measurement with PIV Systems
In Fig. 9 , the velocity vectors on the centerline are not water rise velocity but depict the air bubble rise from the bottom to the free surface. A large scale vortex and a small scale vortex can be seen. This tendency is consistent with Fig.2 . The velocity magnitude around the large scale vortex is large. The corner vortex in the region between the free surface and the sidewall is not found. The problem might be resolved by recoding overlapping images. Nevertheless, the existence was confirmed with the visualization results (Fig.4) . A corner vortex in the region between the bottom wall and the sidewall is observed (Fig. 5) . The magnitude of the velocity was smaller than that of large vortex. Figure 10 shows the velocity vector at AR=2.0. Two large vortices were seen in the upper and lower regions. The results agree with the visualization result (Fig. 3) . That is, two large vortices of counterclockwise and clockwise rotations in the upper and the lower regions on a half-plane were observed. The magnitude of the large vortex vector in the upper region is higher than in the lower region. Corner vortices in the upper and lower regions were not observed. 
D. Relevance of Flow Patterns and Larviculture
In Section IIIA, large-scale vortex structures in the vertical cross-section were described by classifying them as either single-pair vortex or two-pair vortex systems. Marine fish larvae have poor swimming ability and are distributed in a water column by the flow. As to why larvae survival rate in a tank of AR greater than 2.0 was found to be significantly higher than that observed with a lower AR, Ruttanapornvareesakul et al. speculated that the chances of larvae being captured by the surface tension are reduced because the speed of larvae movement over the free surface is fast. Consequently, the number of surface tension-related deaths is reduced [4] . One should bear in mind, however, that Ruttanapornvareesakul et al. only observed larvae which had been carried to the free surface by the flow [4] . The results of this study add new insights into the effects of AR on the survival of marine fish larvae. Larvae in high-AR tanks will be transported into either of the two-pair vortex structures shown in Fig. 3 . From there, the chance of attaching to the free surface may be reduced compared to a tank with an AR less than 2.0. There may be a need in the future for measurements in tanks accommodating larvae to carefully examine how the larvae move in relation to these two-pair vortex structures. In addition to a marked number of surface tension-related deaths of larvae, the 'sinking syndrome,' where the larvae stop swimming at night and then sink to the bottom of the tank and die has recently become an important issue [10] - [12] . The effects of the small-scale vortex structures reported here on larvae survival are still unclear.
Some hatcheries employ very large rearing tanks. For example, the Nagasaki Prefectural Institute of Fisheries in Japan uses a cylindrical tank for fish rearing with a diameter of 8 m, a depth of 2 m, and a tank water capacity of 100 m 3 [5] - [6] . For this tank, the AR is 0.47. The aerator for rearing the seven-band grouper using this tank is a single device located at the tank base in the center, and its aeration capacity is 630 mL/min. This study is similar with a single air stone located at the bottom center of a cylindrical tank. Comparing the very large tank employed by Sakakura et al. to the cases in this study, the flow in the tank corresponds to the case shown in Fig. 4 , in which a high survival rate for the larvae is not necessarily expected [5] - [6] . Therefore, in this case, a double vortex in the vertical direction, as for AR = 2.0, is not formed. With this kind of large-scale tank, where the water depth may be set to be deeper or shallower, clarification is required as to whether AR has any effect on the survival rate of the larvae. The next step would be to investigate whether we can form flow patterns for two-pair vortex system in tanks with even a small AR by varying the placement and number of air stones. This is one example of how the results of this study could be applied to fish rearing facilities.
IV. CONCLUSIONS
For a circular rearing tank, flow visualization experiments and measurement velocity using PIV obtained the following results:
(1) Within region of experimental conditions in this study, the flow patterns in a vertical cross-section in a circular tank changed from a single-pair vortex system to two-pair vortex system as the value of AR changed from 1.0 to 2.0. (3) A previous study found that larval survival rates were high, and surface tension-related death was low for tanks with high AR [4] . This suggests that the twopair vortex flow fields in high AR tanks carried the larvae to the free surface less frequently than did the flow in tanks with low AR. In the case of small experimental tanks, adjusting water depth and/or adding flared structures to reduce the volume of water carried to the surface would be practical for larviculture.
